Abstract: This paper originally proposes an optimal control system which consists of both feedforward and statefeedback controllers using a generalized linear quadratic Gaussian and loop transfer recovery (GLQG/LTR) method. The control objective is focused on the regulatory performances of output vector in response to a desired stack current command in face of load variation. The proposed method provides another degree-of-freedom in optimal controller design and makes the compensated system have a prescribed degree of stability. Finally, the numerical simulations of a compensated fuel processing system reveal that the proposed method achieves better performance and robustness properties in both time-domain and frequency-domain responses than those obtained by the traditional LQ Method.
INTRODUCTION
A Linear Quadratic Gaussian and Loop Transfer Recovery (LQG/LTR) process, originally proposed by Doyle and Stein (1981) , provides a prominent "loop shaping" concept in a twostep design procedure for the corresponding principal gains of return ratio (Stein and Athan, 1987; Maciejowski, 1989) . In general, a control problem can be considered as a tracking issue by taking both reference command tracking and output vector regulation into consideration simultaneously. The control objectives are focused on the performance and stability specifications, such as reference command tracking, noises rejection, and robustness characteristics. For a multivariable control system, such requirements can be naturally transformed into the frequency-domain requirements in term of the singular values of sensitivity function and complementary sensitivity (cosensitivity) function in a closed-loop control system. The sensitivity function is related to the return ratio which is evaluated by breaking at either the input or output point of compensated plant. Pukrushpan et al. (2003; 2005; 2006) have used a welldeveloped linear Quadratic (LQ) optimization technique to design an observer-based state-feedback controller for a fuel processing system (FPS) with a catalytic partial oxidation (CPO) reactor. However, the controlled CPO-based FPS is non-minimum phase and this effect does not take into consideration in the process of control system design. These motivate us to develop an optimal two-degree-of-freedom control system by a generalized LQG/LTR (GLQG/LTR) procedure for the problems of load tracking and output vector of a general system. Fuel cell system (FCS) is potentially intended for stationary and mobile power generations with low greenhouse emissions and high electrochemical efficiency. The role of a FPS is to convert fossil and/or renewable fuel sources into suitable fuels, especially hydrogen-rich synthesis gas (H 2 -rich syngas), for the electrochemical conversion in the FCS. Of all primary fossil fuels, natural gas is the cleanest fuel resource and the most environmentfriendly one in terms of its products of combustion. Although it is a non-renewable fuel resource, natural gas is naturally preferred as the first candidate of available fuels because of its wide availability (Dicks, 1996) , high-efficiency H 2 reforming (Ahmed and Krumpelt, 2001; Brown, 2001) , environmental friendliness, as well as sufficient infrastructure for refuelling, distribution, and storage. Therefore, natural gas will play an important role in the ever-increasing energy consumption in the upcoming future. Among all of the fuel reforming processes, CPO is the most suitable one for mobile applications with rapid start-up, good tracking ability of load variation, and compactness. Nevertheless, CPO reaction suffers from lower hydrogen concentration and reforming efficiency than the other reforming process. The main contribution of this paper is to originally derive a twodegree-of-freedom optimal control structure using the proposed GLQG/LTR methodology for both minimum and non-minimum phase systems. Both reference command and desired output trajectory tracking are simultaneously taken into consideration. Such a design procedure is used to redesign the CPO-based natural-gas-fuelled FPS in the work of Pukrushpan et al. (2005) . The numerical results of simulation demonstrate both performance and robustness properties of compensated system are obviously improved in the time-domain response and frequency-domain analysis as well.
PROBLEM DEFINITION AND METHODOLOGY

Problem Definition
Let the dynamic equations of a multivariable control system shown in Fig. 1 
where } {⋅ E is an expectation function operator, ) (t W and ) (t V are the covariance matrices of system disturbance and measurement noise, respectively. The problem is to derive an optimal control law minimizing the following LQ performance index
where e(t) is a tracking error between output response and desired output vector, Q is a× positive semi-definite weighting matrix, R is an m m × positive definite control weighting matrix, and α is a nonnegative constant which can provide a prescribed degree of stability in the proposed regulation problem.
Methodology Formulation
According to separation principle, a Kalman filter is first applied to provide an optimal estimated state vector and shape the principal gains of return ratio at the output of controlled plant. Secondly both feedforward and state-feedback controllers subject to the LQ performance index is designed in the LTR process.
A. Kalman Filter Design for Target Loop Transfer Function
The first step is to design a Kalman filter to provide an optimal estimate ) ( t x of ) (t x , which minimizes the mean of estimated error ).
the Kalman filter can be derived by the following state estimation equation
where mf K is the gain matrix of a Kalman filter calculated by
and where mf P is the covariance of
mf P can be obtained by the following Filter Algebraic
Riccati Equation (FARE) 0
It is well known that the right-hand plane (RHP) zeros of a non-minimum phase plant may be collected into a stable allpass filter. The similar factorization is used to describe the RHP zeros in terms of structured uncertainty. Suppose the original plant is non-minimum phase, i.e. there is at least one zero in the RHP. Given a non-minimum phase system ) , , (  C  B  A with l RHP zeros, all the zeros can be factored in the form of multiplicative input uncertainty described as
is a structured uncertainty, and
is the sum of all the RHP zeros. By this way the non-minimum phase system can be expressed as a minimum-phase plant [16, 17] . Thus the gain matrix of Kalman filter for a general plant is given by
where f P can be obtained by the following Filter Algebraic Riccati Equation (FARE) 0
Since the disturbances would couple into the system through the 17th IFAC World Congress (IFAC'08) Seoul, Korea, July 6-11, 2008 inputs rather than directly on the states, Γ is chosen as the input matrix B , i.e., B = Γ . The gain matrix of Kalman filter for a general system can be determined by manipulating the covariance matrices W and V .
B. Loop Transfer Recovery at Plant Output
An optimal control law for both feedforward and statefeedback controllers as shown in Fig. 1 , can be derived as follows. Firstly, the corresponding Hamilton function is defined as
(14) An optimal control law can be derived by satisfying the following Euler-Lagrange equations. The optimal control can be obtained
Assume that .
After some manipulations, one has 0 ) 2 exp( ) 2 exp(
According to a sub-optimal control law, the optimal control law with feedforward and state-feedback controllers can be obtained
where c K is a optimal control gain matrix and is derived as 
Since the transfer function of an observer-based state feedback controller is
the resulting return ratio evaluated at the input of compensated plant is Seoul, Korea, July 6-11, 2008 variation of stack current I ST . For mobile fuel cell system applications, an optimal control law in the form of feedforward and state-feedback controllers is designed to meet the requirements that a desired stack current I ST is commanded to make vehicles in a preferred maneuvering direction rapidly, and both temperature of CPO reactor and molar fraction of hydrogen are simultaneously regulated at the desired working conditions.
Kalman Filter Design for Target Loop Transfer Function
The principal gains of return ratio 
Optimal Control Law Design in LTR Process
The parameters Q, R, and α are manipulated to shape the principal gains of return ratio, sensitivity function, and cosensitivity function to have better recoverable quality in the LTR process. After some iterations, the parameters are manipulated as Q=I, R=10
-4 ×I, and α=0.03. The gain matrix of state-feedback controller is obtained as This result unveil that the proposed method is much robust in face of plant's uncertainty. The principal gains of cosensitivity function at higher frequencies are also declined about 10dB as shown in Fig. 6 . These contributions make the compensated system have better rejection ability in the presence of high-frequency measurement noise.
It should be noted that there is a tradeoff between the recoverable quality of LTR and the performance of timedomain response. Furthermore, the time-domain simulations of compensated fuel processing system in response to an additional 50A command of stack current at the instant of 600 second for both proposed LQG/LTR and Pukrushpan's LQ methods are simultaneously shown in Figs. 7-11. Figs. 8 and 9 obviously reveal the better regulation ability of both CPO reactor temperature and hydrogen molar fraction by the proposed method. The penalty is both blower and fuel value inputs have relatively peak amplitudes in transient response as shown in Figs. 10-11 . However, it is still satisfactory to meet the input limitation of 0-100. In addition, the root mean square of both blower and fuel value inputs are also listed in Table 1 . The proposed method does not increase the power consumption of inputs at all. To evaluate the robustness of compensated system, the covariance responses of output vectors in the face of system disturbance covariance W=1 and measurement noise covariance V=1 are listed in Table 2 . The proposed GLQG/LTR method significantly lessens the deviation of operating condition from normality and increases the robustness and performance properties of compensated system in the present of white noises.
CONCULSIONS
From the previous derivation and simulation, the proposed GLQG/LTR is an effective and efficient method from a frequency specification standpoint. The control system design of integrated feedforward and state-feedback control structure using the proposed method can obviously improve time-and frequency-domain responses. The proposed GLQG/LTR method for a two-degree-of-freedom controller can not only have better tracking ability of output vector in response to reference command but offer better robustness of noise rejection. Seoul, Korea, July 6-11, 2008 
